Introduction {#S0001}
============

The term "cerebral small vessel disease" (CSVD) represents a group of pathological processes that affect the small arteries, arterioles, venules, and capillaries of the brain.[@CIT0001] CSVD causes up to 45% of dementia and accounts for 20% of all stroke cases worldwide.[@CIT0001] The disease has multifarious etiology and pathogenesis, the most common form being arteriolosclerotic CSVD (A-CSVD), which is also known as age- and vascular risk-factor-related CSVD.[@CIT0002] Recurrent minor strokes, blood--brain barrier (BBB) impairment, inflammatory responses and leukocyte infiltration are classical pathological features of CSVD.[@CIT0003] The inflammatory reaction is triggered both at the onset of ischemic and hemorrhagic stroke (attack phase)[@CIT0004] and chronic stages (remitting phase) of "silent CSVD".[@CIT0005]

Sleep and the circadian system exert a strong regulatory influence on immune functions. Prolonged or severe sleep disturbance could trigger inflammatory responses through activation of stress response pathways, such as the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous activity (SNS).[@CIT0006] Several studies suggest that diagnosis of insomnia is associated with immune dysregulation, ranging from increased levels and diurnal rhythm changes of inflammatory cytokines[@CIT0007],[@CIT0008] to decreased lymphocyte subsets.[@CIT0009]

Previous research by our group showed an increased proportion of chronic insomnia (54%) in CSVD patients,[@CIT0010] which was markedly higher than that of older adults (12--20%).[@CIT0011] To our knowledge, the relationship between insomnia and chronic inflammatory response in A-CSVD patients is yet to be established. In the present investigation, objective sleep characteristics and pro-inflammatory cytokines were evaluated in A-CSVD patients with or without chronic insomnia. Our collective findings indicate that chronic insomnia is associated with increased activation of pro-inflammatory cytokines in A-CSVD patients.

Methods {#S0002}
=======

Study Design {#S0002-S2001}
------------

This single-center, cross-sectional, patient assessor-blinded clinical study was conducted in the Third Affiliated Hospital of Sun Yat-sen University. The ethics committee of the above institution approved this study, which was conducted in accordance with the Declaration of Helsinki. Written informed consent was required for all patients.

Participants {#S0002-S2002}
------------

Patients admitted to the outpatient clinics of the neurology and psychiatry departments because of CSVD-related symptoms were sequentially screened and enrolled from August 2017 to December 2018. The symptoms of CSVD included nonembolic lacunar stroke (unilateral motor/sensory signs involving the whole of at least two of three body parts (face, arm, and leg)), cognitive, motor (gait), dysphagia, dysuria, and mood disturbances. Subjects who were eligible due to an acute cerebrovascular event were included only ≧3 months after the episode to avoid significant effects on the outcomes. Prior to enrollment, all participants underwent extensive baseline evaluation comprising standard questionnaires, structured clinical interview for DSM-IV Axis-I Disorders (SCID-I),[@CIT0012] cognitive function assessment, and clinical laboratory testing.

Inclusion criteria were as follows: (1) subject ages of 50--75 years, (2) presence of one or more vascular risk factors, such as hypertension, atherosclerosis, diabetes mellitus, hyperhomocysteinemia, past or current smoking, (3) presence of typical radiological findings of CSVD,[@CIT0013] including lacunars (LN) of presumed vascular origin, white matter hyperintensities (WMH) of presumed vascular origin with Fazekas grade 2 (early confluent) or higher,[@CIT0014] visible perivascular spaces (PVS) and cerebral microbleeds (CMB), and (4) with or without chronic insomnia. The criteria of chronic insomnia are based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) and include:[@CIT0015] (1) predominant complaint of dissatisfaction with sleep quantity or quality, (2) sleep disturbance causing clinically significant distress or impairment, (3) sleep difficulty occurring at least three nights per week and lasting for at least 3 months, (4) sleep difficulty occurring despite adequate opportunity for sleep, (5) insomnia is not attributable to the physiological effects of a substance, and (6) coexisting mental disorders and medical conditions do not adequately explain the predominant complaint of insomnia. All patients signed the written informed consent form.

Exclusion criteria were as follows: (1) patients with large artery disease (carotid, vertebral or intracranial stenosis \>50%), (2) patients with larger subcortical or cerebral watershed infarctions (\>1.5 cm) on MR since these are often embolic, (3) patients with severe mental disorders, uncontrolled somatic or other inflammatory diseases that could affect the experiment, (4) patients with any sleep-wake disorder other than insomnia, such as obstructive sleep apnea hypopnea syndrome (OSAHS) or restless legs syndrome (RLS) based on structured interview and polysomnography, (5) apnea-hypopnea index ≥15 per hour of sleep during a screening laboratory polysomnogram, (6) patients with CSVD caused by other reasons, such as hereditary or inflammatory factors and amyloidosis, and (6) patients treated with sleeping pills within 2 weeks of initial screening.

Cytokine Measurements {#S0002-S2003}
---------------------

Serum samples were collected and frozen at −80°C for experimental use. Serum levels of TNF-α, IL-1β, IL-6, IL-17A, IL-8, and IL-12P70 were quantified using a Magnetic Luminex^®^ Assay multiplex kit (USA R&D Systems, Inc., Minneapolis, USA) on a Luminex 200 system (Luminex Corporation, Texas, USA). Each sample measurement was performed in duplicate and all samples run on the same assay. Cytokine measurements below the detection limit determined based on the standard curve were selected as the detection limits, established as follows for each cytokine: TNF-α (1.2 pg/mL), IL-1β (0.8 pg/mL), IL-6 (1.7 pg/mL), IL-17A (1.8 pg/mL), IL-8 (1.8 pg/mL), and IL-12 (1.1 pg/mL). Cytokines with detection rates of ≤50% were excluded from analysis.

Polysomnography (PSG) {#S0002-S2004}
---------------------

For assessment of sleep quality, standard, multichannel, whole-night PSG was conducted using the wireless telemetry PSG system (Germany SOMNO Medics, product model: SOMNOscreen plus PSG +, analysis software "DOMINO") in the sleep laboratory. Recording of PSG was initiated based on the subject's usual sleeping habits and continued for at least 8 hrs. All PSG records were analyzed by a certified psychologist in a blinded model based on the American Academy of Sleep Medicine (AASM) Manual.[@CIT0016] The following PSG outcome variables were assessed: sleep onset latency (SOL, time it took for the participant to fall asleep after going to bed), total sleep time (TST, total sleep time during the PSG recording), sleep efficiency % (SE %; TST divided by time in bed), wake after sleep onset (WASO, time being awake after initial sleep onset until the last awakening), percentage of each sleep stage (N1, N2, N3 \[slow wave sleep; SWS\] and RNEM), apnea-hypopnea index (AHI, mean number of apneas and hypopneas per hour of sleep), arousal index (ArI; number of arousals per hour of sleep), oxygen desaturation index (ODI, mean number of oxygen desaturation ≥3% episodes per hour of sleep), respiratory effort-related arousal index (RERAI, the sum of respiratory effort-related arousals divided per hour of sleep, with RERA being scored as an increase in respiratory effort or flattening of the nasal pressure waveform with a duration of ≥10 s leading to arousal from sleep).

MR Acquisition {#S0002-S2005}
--------------

Imaging was performed on a General Electric (GE) 3 T superconducting MR scanner with eight channels and head-and-neck coils. MR acquisition sequences included 3D TOF-MRA, MRI T1Flair, T2WI, T2Flair and susceptibility-weighted imaging (SWI) for each patient. Images were analyzed by a certified and registered neuroradiologist masked to group assignment for the presence of four SVD markers (LN, WMH, PVS and CMB). The presence of each SVD marker was summed as an ordinal "SVD burden score" (range 0--4).[@CIT0017]

The Chinese version of Pittsburgh Sleep Quality Index (PSQI), a self-reported questionnaire aimed at assessing quality of sleep over a month, was employed. The questionnaire contains seven domains, each scored using a scale of 0 to 3. The global PSQI score ranges from 0 to 21, whereby a higher score indicates poorer sleep quality.[@CIT0018]

The Chinese version of Zung Self-Rating Anxiety Scale (SAS) and Self-Rating Depression Scale (SDS) was further used to assess anxiety and depression symptoms, respectively. SAS and SDS include 20 question items, with every item rated on a four-point scale: 1 (a little of the time) to 4 (most of the time). The total score is the summation of scores of 20 items and the standard score is the integer of the total score multiplied by 1.25.[@CIT0019]

Statistical Methods {#S0002-S2006}
-------------------

SPSS (SPSS, Inc., Chicago, IL) version 20.0 was applied for statistical analyses. Descriptive statistics were presented as means ± standard deviation (SD) for continuous normal variables and numbers or proportions for categorical variables. Key demographic variables and risk factors were compared between two groups using independent *t-*test, Mann--Whitney test and *χ*^2^ test, as appropriate. PSG parameters and cytokine levels were compared between the two groups using Student's *t*-test. Multiple linear regression analysis was performed to determine the specific PSG variables that could be used to independently predict cytokine levels. Two-sided P-values ≤0.05 were considered statistically significant.

Results {#S0003}
=======

Demographic and Clinical Characteristics of Participants {#S0003-S2001}
--------------------------------------------------------

In total, 90 CSVD patients were prospectively screened for recruitment, among which 24 were excluded due to: (1) OSAHS (n=7) or RLS (n=1), (2) large artery disease (n=8), (3) major depression (n=4), (4) inflammatory diseases (n=2), (5) or refusal to participate in the study (n=2). The final participant count was a cohort of 76 patients, including 38 females and 38 males with an average age of 60.4 years. Among the 76 CSVD patients, 44 (57.9%) met the DSM-5 criteria for chronic insomnia (study group) and 32 (42.1%) patients that did not meet the criteria were taken as the control group. We observed no significant differences in demographic data, vascular risk factors and SVD burden scores between the two groups (P \> 0.05), as shown in [Table 1](#T0001){ref-type="table"}. Table 1Comparison of Demographic and Clinical Data Between the Two GroupsVariablesStudy Group (n =44)Control Group (n =32)t/Z/*χ*^2^PAge (years), mean (SD)59.4±7.861.3±7.40.237^a^0.650Body mass index (kg/m^2^)24.3±3.824.8±3.40.154^a^0.873Male, n (%)21(47.7%)17(53.1%)0.216^b^0.642Single, n (%)4(9.1%)4(12.5%)0.229^b^0.633Retirement, n (%)31(70.5%)21(65.6%)0.200^b^0.655Smokers, n (%)7(15.9%)6(18.8%)0.105^b^0.745Hypertension, n (%)23(52.3%)14(43.8%)0.539^b^0.463Diabetes, n (%)18(40.9%)12(37.5%)0.090^b^0.764Hypercholesterolemia, n (%)25(56.8%)14(43.8%)1.266^b^0.260High homocysteine, n (%)26(59.1%)16(50.0%)0.619^b^0.431SVD burden score1.58±1.121.49±1.050.354^c^0.547PSQI9.7±4.15.2±2.45.204^a^0.000SAS47.5±18.933.1±17.63.347^a^0.002SDS34.6±14.731.5±16.40.934^a^0.243[^1]

The IL-8 level in the study group was significantly higher, compared with the control group (P\<0.05), as shown in [Table 2](#T0002){ref-type="table"}. Table 2Comparison of Cytokine Levels Between the Two Groups (pg/mL)GroupnTNF-αIL-6IL-1βIL-17AIL-12IL-8Study group442.8+0.65.4+0.93.1+1.11.8±0.32.6+0.712.3±4.1Control group322.5+0.64.6+1.12.6+0.51.9±0.52.1+0.87.5±2.2t0.7621.7241.4850.3561.7632.953P0.4680.0970.1060.7540.0840.017[^2]

Comparison of PSG Parameters Between the Two Groups {#S0003-S2002}
---------------------------------------------------

Compared with the control group, the study group showed significantly lower TST, SE and N-3 ratio but markedly higher SOL, WASO and ArI (P\<0.05; [Table 3](#T0003){ref-type="table"}). The data indicate that patients in the study group had shorter sleep duration and more sleep fragmentation relative to the control group. Table 3Comparison of PSG Measures Between the Two GroupsGroupnSOL, minTST, minSE, %WASO, minArI, times/hODI, times/ hStudy group4433.5±14.3282.4±53.655.4±13.2152.4±32.729.9±5.35.8±4.6Control group3221.5±6.6359.8±41.971.3±11.898.8±22.120.8±7.23.4±2.7t4.0832.0852.9854.3253.1282.193P\<0.0010.0320.021\<0.0010.0040.029**GroupnREM, %N1, %N2, %N3, %AHI, times/ hRERAI, times/ h**Study group4415.2±4.921.3±6.553.2±13.78.1±3.93.8±0.92.0±1.9Control group3217.3±4.316.2±4.451.6±16.313.2±3.63.1±0.71.6±1.6t0.2871.7390.1763.5680.7451.034P0.7390.0920.863\<0.0010.3820.136[^3]

Multiple Linear Regression Analysis of Factors Influencing the IL-8 Level {#S0003-S2003}
-------------------------------------------------------------------------

We applied multiple linear regression analyses to investigate the relationship between IL-8 level (outcome variable) and potential predictive variables, which included PSQI score, SAS anxiety score and a number of PSG parameters (SOL, TST, SE, WASO, ArI, N3 sleep, and ODI). ArI (β=0.026, P\<0.05) was identified as a significant positive predictor and TST (β=−0.054, P\<0.05) as a significant negative predictor of IL-8 level ([Table 4](#T0004){ref-type="table"}), suggesting that short sleep duration and sleep fragmentation are related to increased IL-8 production. Table 4Multiple Linear Regression Analysis of Factors Influencing the IL-8 LevelVariablesNon-standardized B (95% CI)Std. ErrorStandardized BtpConstant1.128 (0.069--2.325)0.5853.9270.004TST−0.054 (−0.103 to −0.003)0.022−0.0922.2030.036ArI0.026 (0.011--0.041)0.0140.0441.9420.047[^4]

Discussion {#S0004}
==========

Several sleep disturbance conditions, including sleep apnea, periodic limb movement disorder and insomnia, are associated with increased risk of vascular disorders.[@CIT0020] OSAHS[@CIT0021],[@CIT0022] and RLS[@CIT0023] have been identified as common sleep pathologies related to CSVD. However, evidence of a relationship between insomnia and CSVD is lacking. A study by Del Brutto (2015) revealed a correlation between non-breathing-related poor sleep quality and WMH severity. However, only subjective sleep scales were employed to evaluate sleep in this study, which may have led to experimental bias since patients with breathing-related sleep disorders could not really be excluded.[@CIT0024] In the present study, objective methods were used to evaluate sleep and excluded sleep-wake disorders other than insomnia, which improved the homogeneity of patients recruited and reliability of results. The results showed that 48.9% (44/90) of the 90 CSVD patients initially screened had chronic insomnia, 7.8% (7/90) had OSAHS and 1.1% (1/90) had RLS, clearly indicating that insomnia is most common sleep complaint in CSVD patients.

According to PSG measurements, patients in the study group had decreased sleep duration (total sleep time) and slow wave sleep (SWS), increased wake time after sleep onset and sleep fragmentation. Short sleep duration and sleep fragmentation are related to sympathetic excitation,[@CIT0025] high blood pressure,[@CIT0026] vascular endothelial inflammation[@CIT0027] and endothelial injury,[@CIT0028] while decrease in SWS could lead to abnormal immune regulation in view of its importance in adaptive immune memory.[@CIT0029] Based on these results, it is reasonable to assume that changes in sleep characteristics of CSVD patients contribute to the abnormal inflammatory response.

In this study, we compared the serum concentrations of pro-inflammatory cytokines in A-CSVD patients with and without chronic insomnia. The results showed higher IL-8 levels in patients with insomnia, compared with those without insomnia. Moreover, the IL-8 concentration was correlated positively with ArI and negatively with sleep duration. IL-8, a member of the chemokine subclass of cytokines, is actively secreted by monocytes and macrophages as a result of multiple cellular stimuli, such as bacteria, viruses, pro-inflammatory cytokines,[@CIT0030] or oxidative stress.[@CIT0031] As the principal human chemoattractant for neutrophils, IL-8 plays a major role in the acute inflammatory response.[@CIT0032]

Patients with OSAHS showed increased expression of IL-8. Moreover, the IL-8 level was correlated positively with AHI and negatively with mean oxygen saturation. The mechanisms underlying IL-8 elevation in OSAHS patients include recurrent episodes of upper airway collapse, oxyhemoglobin desaturation, sleep fragmentation due to brief arousals and sustained activation of the SNS.[@CIT0033] We observed no serious hypoxemia during sleep for all patients since OSAHS cases were excluded. However, patients in the study group had more serious sleep fragmentation due to insomnia than those in the control group. The results of multiple linear regression analyses consistently showed positive correlation of IL-8 level with ArI, suggesting that non-breathing-related sleep fragmentation contributes to increased IL-8 expression.

In addition to sleep fragmentation, sleep duration of the study group was shorter than that of the control group. Multiple linear regression analyses also showed negative correlation of IL-8 with total sleep time, suggesting that short sleep duration is related to IL-8 activation. Partial sleep deprivation (wakefulness from 11:00 pm to 3:00 am) is associated with upregulation of mRNA expression of toll-like receptors (TLRs).[@CIT0034] Activation of these TLRs could lead to stimulation of the NF-κB signaling cascade[@CIT0035],[@CIT0036] and induction of several pro-inflammatory cytokines,[@CIT0037] including IL8.[@CIT0038]

In conclusion, our preliminary results clearly suggest that chronic insomnia, particularly sleep fragmentation and short sleep duration, is involved in elevation of serum IL-8 expression in patients with A-CSVD, supporting the theory that effective treatment of insomnia could aid in reducing the inflammatory response of A-CSVD.

Limitations {#S0005}
===========

This was a cross-sectional study, which could not determine the causal relationship between insomnia and activation of IL-8. Further prospective studies are therefore required to clarify this issue. Due to the limited number of cases in this investigation, we could not subdivide patients based on types of insomnia or clarify the relationship between different types of insomnia and IL-8 expression.
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[^1]: **Notes:** ^a^t value, ^b^*χ*^2^ value, ^c^Z value.

    **Abbreviations:** PAQI, Pittsburgh sleep quality index; SAS, self-rating anxiety scale; SDS, self-rating depression scale; SVD, small vessel disease.

[^2]: **Abbreviations:** TNF, Tumor Necrosis Factor; IL, interleukin; IFN, interferon.

[^3]: **Abbreviations:** SOL, sleep onset latency; TST, total sleep time; SE, sleep efficiency; WASO, wake after sleep onset; REM, rapid eye movement sleep; N, non-REM sleep; AHI, apnea--hypopnea index; ArI, arousal index; ODI, oxygen desaturation index; RERAI, respiratory effort-related arousal index.

[^4]: **Abbreviations:** TST, total sleep time; SE, sleep efficiency; ArI, arousal index.
